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Summary 

C-type lectin-like domain (CTLD) proteins, are mainly known for the crucial roles they play in 

vertebrate immunity. They function primarily as pattern recognition receptors (PRRs) to identify 

components of pathogenic intruders, but also as antimicrobial molecules to eliminate pathogens. In 

invertebrates the exact function of CTLD proteins in immunity is less described despite of the abundance 

of their encoding genes in many metazoan genomes. One of the most studied model organism �± 

Caenorhabditis elegans �± particular stands out for its enormous set of highly diversified CTLD proteins, 

which has the potential to generate immune specificity. Surprisingly, their exact function and 

contribution to C. elegans immunity still remains elusive. 

During my PhD I systematically screened the CTLD gene (clec) repertoire of C. elegans to identify 

genes that are involved in the defense against the two bacterial pathogens Pseudomonas aeruginosa 

(PA) and Bacillus thuringiensis (BT). Unexpectedly, in the tested mutants clec-knock-out led equally to 

susceptibility and resistance to pathogen infection, indicating that clec genes mediate both immune 

activation and suppression. Resistance of clec mutants on BT could partially be explained by enhanced 

pathogen avoidance behavior. We could confirm for the clec gene C54G4.4 that it negatively regulates 

behavioral immune responses and thus demonstrated for the first time that beside a potential contribution 

to the physiological immune system, clec genes might also function in behavioral immunity. 

In parallel to identifying clec immune response genes by a candidate mutant screen, we analyzed the 

expression of clec genes upon infection and stress using a database for C. elegans expression data. We 

identified clec-4 as another interesting candidate, due to its highly up-regulated profile upon exposure 

to many pathogens and stresses. Surprisingly, the clec-4 mutant showed resistance towards infection 

with BT, which suggests a function in negative regulation of the immune response. We further examined 

the role of one co- and one contra-expressed clec-4 paralog, clec-41 and clec-10, respectively, which 

were required for defense against BT infection and both suppressed the resistance phenotype of the 

clec-4 mutant. These findings give hint to a complex regulation network of interacting clec genes. 

Moreover, we started to analyze the function of the recombinant CLEC-4 protein in pathogen binding 

assays.  

Taken together, our work is the first step towards a more detailed analysis of the exact clec/CLEC 

function in immunity at the gene and protein level. 

  



6 

Zusammenfassung 

Proteine mit einer C-Typ Lektin-ähnlichen Domäne (CTLD) sind vor allem für ihren essentiellen 

Beitrag im Immunsystem der Vertebraten bekannt. Dort agieren sie hauptsächlich als 

Mustererkennungsrezeptoren (PRRs), indem sie pathogene Strukturmotive identifizieren, oder aber als 

antimikrobielle Moleküle, die Pathogene eliminieren. Im Immunsystem von Invertebraten ist die 

Aufgabe der CTLD-Proteine weitaus weniger erforscht, obwohl deren kodierende Gene in vielen 

metazoischen Genomen zahlreich vertreten sind. Besonders Caenorhabditis elegans �± einer der meist 

untersuchten Modellorganismen �± sticht durch seine enorme Menge an stark diversifizierten CTLD-

Proteinen hervor, die das Potenzial haben, Immunspezifität zu erzeugen. Dennoch weiß man kaum etwas 

über die genaue Funktion und ihren Beitrag zur Immunabwehr bei C. elegans. 

Während meiner Doktorarbeit habe ich das Repertoire der CTLD-Gene (clecs) von C. elegans 

systematisch untersucht, um Gene, die bei der Immunabwehr gegen zwei bakterielle Pathogene �± 

Pseudomonas aeruginosa (PA) und Bacillus thuringiensis (BT) �± beteiligt sind, zu identifizieren. Die 

getesteten Knockout-Mutanten zeigten gleichermaßen Resistenz sowie Anfälligkeit gegenüber der 

Pathogeninfektion. Dies weist darauf hin, dass clec-Gene das Immunsystem sowohl aktivieren als auch 

unterdrücken können. Die Resistenz der clec-Mutanten auf BT konnte teilweise durch das erhöhte 

Pathogenvermeidungsverhalten erklärt werden. Zudem bestätigten wir, dass das clec-Gen C54G4.4 das 

Vermeidungsverhalten negativ reguliert. Neben der potentiellen Beteiligung an der physiologischen 

Immunantwort konnten wir somit für clec-Gene erstmals einen Einfluss auf das Immunverhalten 

nachweisen. 

Um weitere interessante Kandidaten zu ermitteln, untersuchten wir gleichzeit mit Hilfe einer C. elegans-

Transkriptomdatenbank die Expression von clec-Genen nach Infektion und Stress. Die Wahl fiel auf 

clec-4, da dieses clec-Gen nach Infektion mit einer Vielzahl von Pathogenen und Stress ein 

hochreguliertes Profil aufwies. Die clec-4-Mutante zeigte eine unerwartete Resistenz gegenüber 

Infektion mit BT, was möglicherweise mit einer negativen Regulation der Immunantwort erklärt werden 

kann. Des Weiteren untersuchten wir zwei clec-4 Paraloge, clec-41 und clec-10. Trotz Co-Regulation 

bzw. Contra-Regulation mit clec-4 wurden beide für die Immunabwehr gegen BT benötigt und 

unterdrückten zudem den Resistenzphänotyp von clec-4. Diese Ergebnisse deuten auf ein komplexes 

Regulationsnetzwerk hin, in dem clec-Gene miteinander interagieren. Darüber hinaus haben wir mit 

Hilfe von mikrobiellen Bindungsexperimenten begonnen, die Funktion des rekombinanten CLEC-4-

Proteins zu analysieren. 

Zusammenfassend ist unsere Arbeit ein erster Schritt zu einer detaillierten Analyse der genauen 

clec/CLEC-Funktion im Immunsystem, sowohl auf genetischer als auch auf Proteinebene. 
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Introduction 

In this PhD project I addressed the immune defenses of an invertebrate host, Caenorhabditis elegans, 

against two bacterial pathogens, Gram-positive Bacillus thuringiensis and Gram-negative Pseudomonas 

aeruginosa. I was particularly interested in the involvement of C-type lectin-like domain genes and 

proteins questioning their exact functions in immune regulation and pathogen recognition or clearance. 

The model system C. elegans with its immune system, the pathogenic antagonists as well as the group 

of C-type lectin-like domain genes/proteins will be in detail discussed on the following pages. 

Caenorhabditis elegans �t the Flagship Model of Invertebrates 

Caenorhabditis elegans (Figure 1) is a small, free-living nematode, which occurs in nature primarily in 

rotting material1,2. It mainly exists as a self-fertilizing hermaphrodite, yet males appear infrequently in 

a low percentage �R�I���W�K�H���K�H�U�P�D�S�K�U�R�G�L�W�H�¶�V���S�U�R�J�H�Q�\��(e.g. 0.1-0.2% in the commonly used strain N2) due 

to a non-disjunction of the X chromosome or in approximately 50% after mating with males. The 

nematode passes four larval stages (L1-L4), which are defined by a molting event at the end of each 

stage leading to reproducible adulthood. When exposed to stress C. elegans may undergo an alternative 

cycle where the L2 larvae enter an almost indefinite dauer stage until favorable conditions induce the 

transition to the L4 stage3. 

 

 

Figure 1. Microscopic picture of C. elegans hermaphrodite wild type adult. Photo was taken using Zeiss Axio 
Observer Z.1 (Carl Zeiss AG, Jena, Germany) with 40 x magnification. Single pictures were stitched and edited 
with image editing software GIMP 2.8.14 (http://www.gimp.org/). The scale bar represents 0.1 mm. 

 

When Sydney Brenner first introduced C. elegans as model organism4 he laid the foundation for a 

plethora of significant discoveries in life sciences, some even awarded with Nobel prizes in different 

disciplines5�t7. The reasons �I�R�U�� �W�K�H�� �Z�R�U�P�¶�V�� �F�U�X�V�D�G�H�� �W�K�U�R�X�J�K�� �E�L�R�O�R�J�L�F�D�O�� �D�Q�G�� �P�H�G�L�F�D�O�� �U�H�V�H�Drch are 

numerous. Such a small animal �± as adult it reaches about 1 mm in length �± is easy and cheap to maintain 
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as it can be held in large numbers on Petri dishes, fed with bacteria, and one life cycle from egg to adult 

only takes 2.5 days at room temperature. The transparency facilitates to observe cellular processes under 

the microscope in vivo (Figure 1) which led to a description of every cell�¶�V���I�D�W�H���D�O�U�H�D�G�\���G�H�F�D�G�H�V���D�J�R8, 

not to mention the constant cell number of 959 in hermaphrodites and 1031 in males. However, there is 

one major advantage researchers working with other multicellular model organisms can only dream of: 

C. elegans can be frozen unlimitedly at -80 °C and revived within minutes after thawing. Furthermore, 

besides the fully sequenced genome9 a variety of different genetic tools are available ranging from RNA 

interference10, comprehensive mutant libraries (e.g. Caenorhabditis Genetics Center, National 

BioResource Project), and GFP tagging11 (e.g. Figure 2B) to novel technologies like CRISPR-Cas9-

mediated gene editing12. Taking these facts together it is not surprising that C. elegans nowadays is one 

of the leading multicellular models in research laboratories worldwide �Z�L�W�K���D���F�R�Q�V�W�D�Q�W�O�\���J�U�R�Z�L�Q�J���³�Z�R�U�P��

�F�R�P�P�X�Q�L�W�\�´. 

C. elegans as a Model for Studying Immunity  

As discussed above C. elegans provides remarkable advantages for research but what makes it so special 

for studying immunity? 

In general, the simplicity of model organisms enables scientists to focus on certain aspects postponing 

the complex processes to higher organisms. As invertebrate C. elegans lacks an adaptive immune 

response engaging professional immune cells (e.g. T and B lymphocytes), which facilitates research 

purely on the innate immune system. The fact that common immune regulators (e.g. NF-��B, MyD88) 

are absent or do not play a crucial role in immunity as in vertebrates (e.g. TOL-113), opens up the 

possibility to decipher alternative mechanisms of how a host fights pathogenic intruders. 

Simultaneously, key questions on the evolution of immune systems can be addressed as defensive 

strategies of vertebrates and invertebrates share impressive similarities14. 

�+�R�Z�H�Y�H�U�����G�H�V�S�L�W�H���R�I���L�W�V���³basic�´��immune response the nematode exhibits exceptional strategies to sustain 

in a microbe-rich environment. 

Behavioral Defenses 

The first, yet in classical immunology widely overlooked, strategy to prevent pathogenic infection is the 

behavioral avoidance of encountering or/and ingesting harmful microbes. 

C. elegans is capable of discriminating harmful microbes from food bacteria and responds accordingly 

by physical avoidance before mounting a physiological response. The latter is not only costly15 but might 

also lead to collateral host damage since reactive oxygen species (ROS) production can be a response 

towards a pathogen16. The exact microbial cues which are sensed by the worm can be volatile or water-

soluble compounds mostly deriving from bacterial metabolism by-products17. Examples for bacteria-

originated repellents are the surfactant serrawettin produced by Serratia marcescens18 or the secondary 
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metabolites phenazine-1-carbooxamide and pyochelin secreted by Pseudomonas aeruginosa19. But 

there is also indication for an indirect recognition by cellular damage being a supplementary trigger of 

aversive behavior as non-pathogenic bacteria do not initiate immune behavior while native non-

pathogenic bacteria expressing toxins do20. 

The key players in chemosensory regulation of pathogen avoidance are the eleven pairs of ciliated 

amphid neurons in the head17. Some of them have been shown to be implicated in two neural circuits: 

the AWB and AWC neurons mediate the innate olfactory preference for bacteria via expression of 

neurotransmitters and neuropeptides18, whereas the ADF neurons are rather responsible for the aversive 

learning response, a behavior of wild type worms studied on P. aeruginosa, where initial attraction to 

the bacterial lawn turns after a learning phase into avoidance21,22. The aversive learning is based on 

serotonin-signaling through the tryptophan hydroxylase TPH-1 as the limiting factor in serotonin 

synthesis23. The recognition of environmental cues on the molecular level might be modulated by a 

superfamily of putative chemoreceptors with more than 1000 predicted members, namely the G protein-

coupled receptors (GPCRs), since a reasonable number is expressed in the amphid neurons24. Other 

sensory neurons likewise contribute to the modulation of immune behavior, e.g. HECT domain-

containing E3 ubiquitin ligase encoding hecw-1 is expressed in the OLL mechanosensory neurons to 

repress npr-125, which in turn is required to promote oxygen-dependent avoidance26. 

Additionally, as mentioned above, C. elegans might react to pathogen exposure with feeding cessation 

which is mediated by the insulin-like receptor (ILR) pathway27. 

Physical Barriers 

If host and pathogen eventually encounter each other entering the host is hampered by physical barriers. 

The cuticle as most apparent obstacle provides a thick, impermeable surface, which should prevent 

attachment of pathogens that attack from the outside, such as Drechmeria coniospora28 or 

Microbacterium nematophilum29. A more common route for pathogens to establish intestinal infections 

in the host is the mouth. Therefore, a mechanic structure in the second bulb of the pharynx, called grinder 

(Figure 1), protects this opening by destroying sucked in bacteria as first line of digestion but also 

defense30.  

Physiological Response �t Recognition, Processing and Elimination 

The final defense mechanism is the induction of physiological responses to fight off and clear pathogen 

attack. The inducible immune response comprises three main steps: (i) the recognition of microbe-

associated molecular patterns (MAMPs) or damage-associated molecular patterns (DAMPs) by pattern 

recognition receptors (PRRs), (ii) consequent signaling forwarding the received information to 

transcription factors, which mediate (iii) expression of effector molecules, that eventually eliminate the 

intruders31. These levels will be discussed in the following one by one. 
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PRRs in C. elegans have long been a subject of immunological studies since the worm lacks prominent 

immune receptors that fulfill the task of pattern recognition in higher �R�U�J�D�Q�L�V�P�V�¶���L�Q�Q�D�W�H���L�P�P�X�Q�L�W�\�����)�R�U��

example, the only Toll-like receptor (TLR) orthologue TOL-1 does not hold the crucial function of 

initiating antimicrobial peptide (AMP) expression upon pathogen perception as it does in Drosophila 

and many vertebrates13, and other PRRs like NOD-like receptors (NLRs) of vertebrates do not exist at 

all32. C-type lectin-like domain (CTLD) proteins, which will be discussed in depth throughout the thesis, 

as well as the aforementioned chemosensory GPCRs have been proposed as potential PRRs33,34. An 

example for the latter is FSHR-1, which is required for defense against several pathogens and oxidative 

stresses but also pathogen avoidance, and acts independently of known immune pathways in the 

intestine35,36. More detailed findings for a function of a GPCR in pathogen recognition could be 

demonstrated by Zugasti and colleagues, who identified the GPCR DCAR-1 with its endogenous ligand 

HPLA (4-hydroxyphenyllactic acid), a DAMP generated upon disruption of the epidermis by 

D. coniospora or wounding. DCAR-1 acts in the epidermis to modulate the expression of AMPs through 

the conserved p38 mitogen-activated protein kinase (MAPK) cascade (see below)37. Together with the 

RIG-I (retinoic acid inducible gene)-like helicase DRH-1 (dicer related helicase), which is a receptor 

for virus-derived RNA38 these two receptors are heretofore the only PRRs described in C. elegans.  

Despite the knowledge gap on how C. elegans recognizes pathogenic attack the several intermediate 

signaling pathways activating the expression of effector molecules have been described and repeatedly 

reviewed31,39. With regards to the model system used in this study I will focus on the most relevant 

pathways implicated in the intestinal host response to Bacillus thuringiensis and P. aeruginosa (see 

�³Pathogens and their Interaction with C. elegans�  ́and Figure 2A). 

 

immune signaling cascades and main modulators mentioned in the 
text. Scheme adapted from 40�t44. (B) Transgenic strain TJ356 
carrying the reporter construct daf-16::GFP. In healthy worms 
DAF-16 is present in the cytoplasm (left) but upon infection or 
stress (here: heat stress) it translocates into the nuclei (right). Parts 
of the mid body of young adults are shown. Pictures were taken 
with Zeiss Axio Observer Z.1 (Carl Zeiss AG, Jena, Germany) by 
Marco Grasse. The scale bars indicate 30 µm. 

 

Figure 2. Interaction of immune signaling components and 
translocation of DAF-16. (A) The simplified scheme only shows the  
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The principal and most ancient immune cascade is the conserved p38 MAPK pathway with its key 

kinase regulators NSY-1, SEK-1, and PMK-1. First described in 2002 upon infection with 

P. aeruginosa41 it shortly was shown to be implicated in the defense against a variety of bacterial and 

fungal pathogens, e.g.45�t47. Upstream of the p38 cascade acts Toll-interleukin 1 receptor TIR-1, which 

contains multiple leucine-rich repeats, a well-known feature of TLRs in plants and animals48. One of the 

downstream targets of PMK-1 was identified as the transcription factor ATF-7, which expresses 

infection-induced genes upon phosphorylation by PMK-146. The p38 MAPK requires the activation by 

a second MAPK pathway, the c-Jun N-terminal kinase (JNK) cascade previously shown to be involved 

in the stress response to heavy metal. MEK-1 and VHP-1 cross-regulate the activity of PMK-1 in 

pathogen defense40,49. In the immune response against pore-forming toxins (PFTs), as produced by 

B. thuringiensis, JNK-like MAPK KGB-1 even seems to be the central regulator for transcriptional 

induction of defense50 (Figure 2A). 

The ILR pathway including the receptor tyrosine kinase DAF-2 and the FoxO transcription factor 

DAF-16 has been discovered due to its role in longevity and dauer regulation51. Interestingly, daf-2 

mutants do not only live twice as long as the wild type52, but also exhibit resistance against multiple 

stresses (e.g. heavy metal, heat, or osmotic stress53�t55) and pathogen exposure42,56. The activation of 

DAF-2 leads to the inactivation of DAF-16 in the cytoplasm whereas daf-2 deficiency results in an 

active nuclear DAF-16 inducing gene expression57. In how far DAF-16 contributes to resistance against 

pathogens or rather generally to stress is not yet clear. Pleading for the latter is the observation that the 

expression of PMK-1-dependent genes upon infection is repressed by DAF-16 but induced during 

stress58,59. Nonetheless, in a study from our group it was shown that DAF-16 directly translocates to the 

nucleus following B. thuringiensis exposure60 (Figure 2B). 

A further signaling cascade that interacts with the pivotal p38 MAPK pathway belongs as well to the 

compartment of stress response management, the unfolded protein response (UPR). Upon pathogen 

attack PMK-1 mediates in addition to expression of immune effector genes the activation of the UPR in 

order to handle cellular accumulation of un- and misfolded proteins. The UPR is thought to be the 

protective force against self-damage caused by AMPs of the immune defense61. The p38 MAPK-

dependent activation of the conserved IRE-1-XBP-1 branch of the UPR was shown to act in the defense 

against P. aeruginosa61 and B. thuringiensis�¶ PFTs44. Sun et al., moreover, presented a GPCR in the 

amphid neurons, OCTR-1 (octopamine receptor), to suppress the non-canonical UPR in non-neuronal 

tissue independent of behavioral pathogen avoidance43, suggesting an intervention of the nervous system 

in the immune response (Figure 2A). The mitochondrial UPR (UPRmt) additionally seems to promote 

resistance by protecting from mitochondrial damage caused by bacteria that target mitochondrial 

processes, like P. aeruginosa62. 
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After a successful signal transmission from PRRs via the signaling cascades to transcription factors, the 

expression of effector molecules is triggered. I will here focus on AMP expression and give some 

examples. C. elegans AMPs have been identified mostly by their up-regulation after pathogenic 

infection coupled with homology searches for known metazoan antimicrobial peptides and proteins. 

Based on that, several families are considered to hold antimicrobial activity, but the exact function has 

only been demonstrated for few proteins63,64. For example, the defensin-like peptide ABF-2 �± identified 

through homology with Ascaris suum antibacterial factors (ASABFs)65, and consequently named 

Ce-ABF-2 or only ABF-2 �± affects a broad range of pathogens but more strongly Gram-positive 

bacteria66. Caenopores or saposin-like proteins (SPPs), share similarities with amoebapores of the 

protozoan parasite Entamoeba histolytica. Several SPPs have been reported to display antimicrobial 

activity against a variety of bacteria, including P. aeruginosa and B. thuringiensis used in the present 

study, their expression �± primarily in the intestine �± is partially regulated via the ILR pathway67�t70. 

Furthermore, genes encoding neuropeptide like peptides (NLPs) and the closely related caenacins 

(CNCs) are transcriptionally induced by infection with D. coniospora, the nlps additionally by 

S. marcescens infection in both intestinal and epidermal epithelium71,72. Yet, only NLP-31 has been 

reported to show antifungal activity at the protein level in vitro72.  

Despite the mentioned examples of research on AMP characterization C. elegans AMPs remain a poorly 

studied group of proteins due to the lack of functional studies on both the gene and protein level. 

Pathogens and their Interaction with C. elegans 

Another benefit of the model organism C. elegans is the large variety of infection agents, which can be 

applied in immunity studies. Since C. elegans lives in decaying organic matter, in other words microbe-

rich environments1,2, and as bacteriovore feeds on the very same, experimentally introducing intestinal 

pathogens is rather uncomplicated. Also many human pathogens are able to establish infections in the 

worm, which allows the investigation of clinically relevant host-pathogen interaction in vivo. A 

considerable diversity of microbes has been used to infect C. elegans; Gram-positive, Gram-negative, 

fungal, and microsporidial parasites with intestinal, epidermal, anal, and vulval routes of infection, 

applying a plethora of killing mechanisms31,73. In our study we employed the likely natural 

B. thuringiensis and human opportunistic pathogen P. aeruginosa, which will be introduced in more 

detail in the following.  

Bacillus thuringiensis �t the Natural Pathogen 

Gram-positive B. thuringiensis (BT) is known especially for its application as biological pesticide, as 

alternative to chemical pesticides, and tool in genetic engineering to generate transgenic resistant crop 

in agriculture74,75. This utilization it owes to its ability to infect and kill a wide range of insect taxa such 

as lepidopterans, dipterans, hymenopterans, and coleopterans, serving the purpose as pest control76,77. 
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BT kills through PFTs called Cry toxins due to their crystalline structure (Figure 3A) produced during 

sporulation. Secreted by bacteria PFTs bind to host receptors, multimerize and pierce a hole into the 

plasma membrane eventually causing cell lysis and ion leakage. The solubilization of inactive pro-toxins 

�E�\���W�K�H���J�X�W�¶�V���P�L�O�L�H�X�����W�K�H���D�F�W�L�Y�D�W�L�R�Q���W�K�U�R�X�J�K��proteolytic cleavage as well as the specificity of the receptor 

are inevitable parts of the infection process provided by the host after ingestion78,79(Figure 3B).  

 

 

Figure 3. Pathogenic B. thuringiensis with spores and crystals, ���v�����W�&�d�•�[���u�}�������}�(���]�v�(�����š�]�}�v�X��(A) Transmission 
electron microscopic picture of single sporulated BT cell taken from 80. (B) Scheme of infection by PFTs adapted 
from 79,81. 

 

The host spectrum of each BT strain is determined by its repertoire of Cry toxin encoding genes and is 

based almost exclusively on the presence of the specific toxin receptor81,82. For instance, Cry4Ba is 

specifically active against dipterans such as Anopheles and Aedes, Cry1Aa against Lepidopterans such 

as Diatraea and Chilo83�t88, whereas synergistic combinations might expand the host spectrum89,90. 

The BT strains used in the following study are strain BT18247 which produces Cry6Ba191 and strain 

BT407 Cry- as non-pathogenic counterpart. 

B. thuringiensis vs. C. elegans 

More than a decade ago BT was introduced as a pathogen of model organism C. elegans in order to 

study its toxicity on parasitic nematodes, improve the understandin�J���R�I���W�K�H���W�R�[�L�Q�V�¶���P�R�G�H���R�I���D�F�W�L�R�Q92,93, 

and �± most importantly for the C. elegans community �± to learn more about the nematode�¶�V immune 

response towards this potentially natural pathogen30,34. Commonly, the effect of BT toxins towards the 

worm is tested by applying toxin expressing E. coli instead of the complete bacterium or spore. Like 

this is has been demonstrated that C. elegans is susceptible to several Cry toxin variants94. But only 

Cry5B was used to discover Cry toxin-resistant mutants, which were resistant to Cry5B92 and cross-

resistant to Cry14A95. The underlying mutations were identified in the bre (Bacillus-toxin resistant) 

genes, which encode glycosyltransferases being involved in the synthesis of glycolipid receptors96. 

Thus, the ability of Cry5B and Cry14A expressing BT strains to infect C. elegans is modulated by these 

specific gut receptors. Alternatively, the glycolipid receptor can be actively blocked by C. elegans 

immune defenses promoting resistance due to competitive inhibition: Galectin LEC-8 is expressed in 
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the intestine upon Cry5B exposure and is able to bind to the very same receptors BT requires for 

infection, consequently preventing a successful docking of the virulence factor to the host tissue97. 

Resistance to exposure with Cry5B further requires components of the two aforementioned MAPK 

pathways, p38 and JNK-like cascade98, where the former activates UPR signaling44, which in turn 

interacts with the hypoxia pathway99. The ILR pathway, moreover, is mainly involved in the response 

to Cry6B produced by BT18247 in both physiological and behavioral immunity27,60. 

Pseudomonas aeruginosa �t the Human Pathogen 

Pseudomonads are ubiquitously occurring Gram-negative bacteria, occupying a variety of different 

niches, with P. aeruginosa (PA) being the most extensively studied genus member100,101. First described 

in 1894102, PA quickly became the center of attention since it is a major threat of injured, burned and 

immuno-compromised patients in hospitals and might cause chronic pulmonary infections in cystic 

fibrosis patients103,104. Thus, it is not surprising that the most prominent PA strains research is done on, 

PA01 and PA14, originally  arose from clinical isolates. Both strains were fully sequenced105,106, but the 

more virulent PA14 is nowadays predominantly subject of infection studies in a broad range of host 

organisms, such as plants, insects, other non-mammalian hosts107�t111, and also antibiotic resistance 

research112. 

The ability to infect organisms of such evolutionary divergence might be associated with the multiplicity 

of virulence factors PA employs113. Key PA virulence factors are pyoverdin siderophores (also the 

reason for its characteristic green color) which sequester iron from the host, an embattled resource for 

redox enzymes among both pro- and eukaryotes114. The most toxic secreted virulence factor, exotoxin 

A, however, is known to inhibit the protein synthesis of eukaryotic host cells, eventually leading to cell 

death113,115. The whole PA toxin variety has been reviewed in e.g.116,117. 

P. aeruginosa vs. C. elegans 

PA is the most commonly applied bacterial pathogen in C. elegans immunity studies118. One major 

convenience of using the nematode as a model is that different PA toxins can be examined according to 

the set-up of infection. If worms are fed on high-�R�V�P�R�O�D�U�L�W�\���V�R�O�L�G���P�H�G�L�D�����U�H�I�H�U�U�H�G���W�R���D�V���³�I�D�V�W���N�L�O�O�L�Q�J�´����

diffusible toxins, such as phenazine pyocyanin, kill C. elegans �Z�L�W�K�L�Q���I�H�Z���K�R�X�U�V�����³�6�O�R�Z���N�L�O�O�L�Q�J�´���K�D�S�S�H�Q�V����

on the other hand, on low-nutrient media, where PA proliferates in the gut and causes typical symptoms 

of infection (e.g. paralysis, distended intestinal lumen) eventually leading to death after several 

days119,120. A modification of the latter method in liquid media identified pyoverdin as major infectious 

agent independent of the other previous mentioned factors121. 

Similar to the immune response to BT�¶�V Cry toxins, PA infections activate the ancient p38 MAPK 

cascade in cross-talk with the JNK-like pathway41, and additional involvement of the transcription factor 

ZIP-2 and the already mentioned GPCR FSHR-1, particularly against exotoxin A122. Both slow and fast 



15 

killing can induce the UPRmt as a consequence of mitochondrial dysfunction62, whereas the UPR is 

activated in a microRNA-123 but also p38 MAPK-dependent manner61. Interestingly, PA is also able to 

�D�F�W�L�Y�H�O�\���P�D�Q�L�S�X�O�D�W�H���W�K�H���K�R�V�W�¶�V���L�P�P�X�Q�H���U�H�V�S�R�Q�V�H���E�\���V�X�S�S�U�H�V�V�L�Q�J���W�K�H���H�[�S�U�H�V�V�L�R�Q���R�I���L�P�P�X�Q�H���H�I�I�H�F�W�R�U�V���Y�L�D��

the ILR pathway56. PA further elicits an aversive learning response as mentioned in section �³Behavioral 

Defenses� .́ 

The Crucial Role of C-type Lectins in Vertebrate Innate Immunity 

C-type lectins are calcium-dependent (C-type) carbohydrate-binding lectins which share a characteristic 

carbohydrate-recognition domain (CRD)124. The CRD motif, however, does not necessarily confer 

sugar- nor calcium-binding activity which is why a more general term, the C-type lectin-like domain 

(CTLD) protein, was introduced125. CTLD proteins are mainly found throughout metazoan taxa but also 

�± although more rarely �± present in plants, bacteria, and viruses126. In innate immunity they are of crucial 

importance being involved in both, initial pathogen recognition and final pathogen elimination (cf. 

�³Physiological Response �± Recognition, Processing and Elimination� )́. 

C-type Lectin Receptors and their Immune Signaling 

C-type lectin receptors (CLRs) recognize MAMPs coming from diverse pathogens as well as DAMPs 

released by injured cells. Recognition of fungal infections is the best studied function of vertebrate 

CLRs. Dectin-1 and Dectin-2, for example confer protection against Candida albicans (among others), 

the causing agent of candidiasis in mucosal membranes127, by binding to different cell wall components, 

��-glucan or �.-mannose respectively128,129. The binding affinity of Mincle and the mannose receptor 

(MR) has been shown to be directed against fungi, too, but also against few bacterial species, and 

regarding MR even viruses and protozoan parasites130,131. CLRs further have been associated with viral 

recognition, either by promoting (e.g. CLEC5A and dengue virus132) or counteracting (e.g. DNGR-1 

and vaccinia virus133) viral infections. The detection of DAMPs, such as F-actin and uric acid crystals, 

has been attributed to DNGR-1134,135 and Clec12a136, respectively (Figure 4A). Nevertheless, in contrast 

to their contribution to fighting fungal pathogenesis, classical CLRs acting in defense against bacterial 

infections are less described.  

For some transmembrane C-type lectins the cytoplasmic domain determines the direction of signaling: 

the immunoreceptor tyrosine-based activation motif (ITAM) or ITAM-like motif promote subsequent 

signaling (e.g. of Dectin-1, DNGR-1) while the immunoreceptor tyrosine-based inhibitory motif (ITIM) 

prevents inappropriate immune responses (e.g. of MICL). ITAM -containing CLRs are coupled to Syk 

(spleen tyrosine kinase)-signaling, resulting in activation of different immune responses that might 

involve MAPK pathways such as the p38, ERK, and JNK cascades, or NF-��B. These immune 

activations can be negatively regulated by ITIM-containing CLRs either directly at the ITAM site of 

other receptors or at the course of the activating signaling137. Interestingly, CLRs might synergistically 
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collaborate with each other (e.g. Dectin-1 and -2) but also with other types of PRRs (e.g. Dectin-1 and 

TLR2)131 (Figure 4A). 

 

 

Figure 4. Examples of C-type lectins in vertebrate immunity. (A) Simplified scheme of CLRs, which were 
mentioned in the text. Shown are the pathogens or endogenous constituents which they are able to recognize, 
their C-type lectin name as well as an alternative name, the domain architecture, and some major signaling 
components that lead to activation of the immune response. Adapted from 137�t139. (B) Domain architecture and 
multimerization of MBL. Adapted from 140,141. (C) Model for pore-forming process of human �Z���P�/�/�/�r�X�� ���(�š���Œ��
activation of soluble pro-�Z���P�/�/�/�r�����Ç���š�Œ�Ç�‰�•�]�v�U���u���š�µ�Œ�����Z���P�/�/�/�r�����]�v���•���š�}���‰���‰�š�]���}�P�o�Ç�����v���}�(���'�Œ���u-positive bacteria and 
final oligomerization of monomers leads to formation of pore. Taken from 142. 

 

The Mannose-binding Lectin as Inducer of the Complement System 

Other important C-type lectins within vertebrate immunity are the secreted collectins (collagen-

containing C-type lectins). Here, I focus on the mannose-binding lectin (MBL) since it is the major 

regulator of the lectin pathway, which is next to the classical and the alternative pathway the 

evolutionary most ancient pathway to activate the complement system143,144. MBL circulates in the blood 

serum as a multimer of homotrimers which facilitates binding of more complex ligands (Figure 4B). 

The range of infectious agents being recognized by MBL comprises all principal pathogen groups with 

specific binding of mannose, fucose, and GlcNAc (N-acetyl-glucosamine) (summarized in 145,146). 

Furthermore, MBL is not only able to distinguish between self, non-self but also altered-self in the shape 

of necrotic, apoptotic or cancer cells147,148. Upon recognition of these MAMPs or DAMPs, MBL forms 

a complex with MBL-associated serine proteases (MASP1 and MASP2) at the collagenous region and 

is then able to induce/trigger complement activation. Thus, in interacting with the classical pathway 

MBL triggers inflammation, lysis and opsonization149. The crucial role of MBL has been repeatedly 

demonstrated as MBL-deficient patients suffer from increased infection and susceptibility to sepsis 

potentially leading to death150. 
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C-type Lectins as Effector Proteins 

Last but not least, vertebrate C-type lectins have also been shown to be directly involved in downstream 

processes of immunity, such as elimination of pathogens. The best examples for such C-type lectin 

effectors are members of the RegIII family. RegIII�� in mice (RegIII�. in humans), for instance, is 

strongly expressed in the intestinal epithelium in a MyD88-dependent manner triggered by bacterial gut 

colonization and infection151,152. It interacts preferably with Gram-positive bacteria, as peptidoglycan is 

a ligand, but on the contrary is inhibited by lipopolysaccharide (LPS) in the cell wall of Gram-negative 

bacteria. Secreted into the gut lumen RegIII�� attacks bacteria through oligomerization and pore 

formation and thereby limits the colonization of the epithelial surface142,151 (Figure 4C). The close 

relative RegIII�E acts similar to RegIII��, but targets to a greater extent Gram-negative bacteria due to 

binding of Lipid A of LPS153,154. Thus, these C-type lectins function as antimicrobial proteins and are 

thought to represent an evolutionary primitive innate immune response distinct from lectin-mediated 

complement activation, but critical for maintenance of the microbiome homeostasis in the gut142,151,152.  

C-type Lectins in C. elegans and other Invertebrates 

As above exemplarily summarized for vertebrates (specifically mice and humans), the multifaceted 

contribution of C-type lectins in immunity emphasizes the significance of this protein family in both the 

humoral and cellular arm of the innate immune defense and as supplement to adaptive defenses. But 

CTLD proteins also exist in various invertebrate taxa (e.g. 155�±157), yet, their role in immunity is not as 

well explored. Only single C-type lectins have been implicated in promoting immune processes 

encompassing phagocytosis, encapsulation, or melanization (e.g. 158,159) and also directly in pathogen 

clearance (e.g. 160�±162). Nevertheless, the indispensability of CTLD proteins in immune defenses like in 

vertebrates has not been demonstrated yet. That might not be surprising given the variety of defense 

strategies found in invertebrate taxa already in different species163. 

C. elegans has an intriguingly high number of genes encoding CTLD proteins, which are predicted to 

be very diverse164. The majority of the CTLD protein encoding genes (clecs) are organized in genomic 

clusters, which hints to a rapidly evolving gene family under strong selective pressure by co-evolving 

pathogens165. Together with their up-regulation upon various pathogenic threats and stresses CTLD 

proteins have always been considered to be involved in C. elegans immunity. But still we lack 

fundamental knowledge about the exact role they might play in defending the host organism. 

A more detailed and thorough discussion about CTLD proteins in invertebrate and particularly in 

C. elegans immunity is provided in the first chapter. 
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PhD Thesis Content 

The current PhD thesis addresses the role of clec genes and their encoded proteins as potential regulators 

of immunity in the model nematode C. elegans. The aim of the study was (i) to question the inevitable 

label given to clec �J�H�Q�H�V���D�V���³�L�P�P�X�Q�H���J�H�Q�H�V�´���V�H�U�Y�L�Q�J���F�U�X�F�L�D�O���I�X�Q�F�W�L�R�Q�V���L�Q��C. elegans immune defense, 

(ii) to systematically screen the clec gene repertoire in order to extract potential candidate immune genes, 

(iii) and ultimately to characterize the selected genes for their specific function in immunity. 

Chapter I represents a review on �³�+�L�J�K���,�Q�Q�D�W�H���,�P�P�X�Q�H���6�S�H�F�L�I�L�F�L�W�\���W�K�U�R�X�J�K���'�L�Y�H�U�V�L�I�L�H�G���&-type Lectin-

�O�L�N�H���'�R�P�D�L�Q���3�U�R�W�H�L�Q�V���L�Q���,�Q�Y�H�U�W�H�E�U�D�W�H�V�´. It gives a detailed introduction into the current knowledge of 

clec gene and protein functions in invertebrate immunity. It deals with the issue of immune specificity 

in invertebrate organisms and suggests CTLD proteins as promising candidates for generating immune 

specificity. First compiling the latest findings in representative taxa (insects and crustaceans) the review 

then focuses on nematodes, which show extreme CTLD gene diversification. Uncovering the largely 

unknown functions of invertebrate CTLD proteins requires novel and comprehensive research 

approaches, which are discussed in the concluding remarks of the review. 

Chapter II  is a manuscript that is now ready for submission. We here demonstrate that C. elegans clec 

genes might function in behavioral defense responses. A survival screen of clec gene knock-out mutants 

exposed to bacterial pathogens revealed resistant as well as susceptible phenotypes. The resistance 

phenotype correlated with the number of escaped worms. In a thorough analysis of the clec gene 

C54G4.4 we confirmed that CTLD proteins are involved in C. elegans immune behaviors. 

Another in depth analysis of one clec gene is described in Chapter III , which is a preliminary 

manuscript. Infection with several C. elegans pathogens leads to the strong up-regulation of clec-4. The 

knock-out unexpectedly showed a resistance survival phenotype on B. thuringiensis, which is 

suppressed by additional RNAi knock-down of the two clec-4 paralogs clec-41 and clec-10. This 

indicates that different clec genes mediate immune responses by interacting with each other. 

Furthermore, analysis of the recombinant protein provides indication that CLEC-4 binds certain 

bacterial pathogens. These results represent an exciting basis for untangling genetic networks within the 

clec superfamily and discovering potential antagonists of pathogenic intruders. 

The chapter Additional Results comprises obtained data on additional clec genes, which were 

insufficient to include in a manuscript. It contains the initial efforts to find interesting clec gene 

candidates by systematic RNAi screens of the majority of the clec genes repertoire and also more 

detailed analyses of selected clec genes. Furthermore, the in vivo expression pattern of some clec genes 

is shown and all generated transgenic reporter strains are compiled in a list that also gives information 

about the used transgene concentrations and primers. 
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